Endothelial cell caveolar-rafts are considered functional platforms that recruit several pro-angiogenic molecules to realize an efficient angiogenic program. Here we studied the differential caveolar-raft protein composition of endothelial colony-forming cells following stimulation with VEGF, which localizes in caveolae on interaction with its type-2 receptor. Endothelial colony-forming cells are a cell population identified in human umbilical blood that show all the properties of an endothelial progenitor cell and a high proliferative rate. Two-dimensional gel electrophoresis analysis was coupled with mass spectrometry to identify candidate proteins. The twenty-eight differentially expressed protein spots were grouped according to their function using Gene Ontology classification. In particular, functional categories relative to cell death inhibition and hydrogen peroxide metabolic processes resulted enriched. In these categories, Peroxiredoxin-2 and 6, that control hydrogen peroxide metabolic processes, are the main enriched molecules together with the anti-apoptotic 78 kDa glucose regulated protein. Some of the proteins we identified had never before identified as caveolar-raft components. Other identified proteins include calpain small subunit-1, known to mediates angiogenic response to VEGF, gelsolin, which regulates stress fiber assembly, and annexin A3, an angiogenic mediator that induces VEGF production. We validated the functional activity of the above proteins, showing that the siRNA silencing of these resulted in the inhibition of capillary morphogenesis. Overall, our data show that VEGF stimulation triggers the caveolar-raft recruitment of proteins that warrant a physiological amount of reactive oxygen species to maintain a proper angiogenic function of endothelial colony-forming cells and preserve the integrity of the actin cytoskeleton. Molecular & Cellular
On recruitment from bone marrow, endothelial progenitor cells (EPCs) 1 are involved in adult neovascularization, a process referred to as "postnatal vasculogenesis" (1, 2) . In a way similar to mature endothelial cells (ECs), EPCs form endothelial colonies in vitro, migrate and differentiate into tubular-like structures, showing at the same time a high proliferation potential, which is uncommon for mature ECs. For this reason, EPCs have been intensively investigated as a source of cells potentially able to produce a more efficient revascularization with respect to mature ECs.
We have previously shown (3) that vascular endothelial growth factor (VEGF)-dependent angiogenesis by endothelial colony forming cells (ECFCs), a particular subset which recapitulates all the characteristics of EPCs coupled with a particularly high proliferation potential (4, 5) , requires localization of the full-length form of the urokinase plasminogen activator receptor (uPAR) in caveolar-rafts. uPAR is critical in angiogenesis because it is involved both in urokinase plasminogen activator (uPA)-mediated ECM degradation and uPAR-dependent cell adhesion (6) . VEGF stimulates a caveolar-raft redistribution of uPAR coupled with inhibition of EPC production of matrix-metalloproteinase-12 (MMP12) (3), the main enzyme responsible for cleavage of uPAR between its domain 1 and 2. Such a cleavage deprives uPAR of its angiogenesic properties by elimination of its domain-1-uPA-binding ability and by loss of uPAR integrity, which is required in order for uPAR to retain its domain-2/3 affinity for vitronectin (VN) and EC membrane integrins (7) . In ECFCs uPAR, a typical glycosyl-phosphatidyl-inositol (GPI)-anchored protein, preferentially partitions on caveolar-rafts. Lipid-rafts are dynamic microdomains of the cell membrane, rich in cholesterol, sphingolipids and glycolipids, trans-membrane protein receptors, integrins and a large number of signaling molecules (8) .
Caveolar-raft microdomains (also referred to as caveolae) are functionally and morphologically distinct forms of lipid-raft microdomains characterized by the presence of the protein caveolin-1. They are particularly abundant in ECs, playing a fundamental role in their function (9) . VEGF localizes in caveolar-raft microdomains on interaction with its type-2 receptor (VEGFR2), thus providing a "functional platform," together with other signaling molecules, involved in angiogenesis (10, 11) . Thus, the overall emerging picture clearly indicates that the angiogenesis activity of VEGF involves a coordinated sequence of events taking place on caveolar-raft microdomains.
To identify candidate proteins whose occurrence in ECFC caveolar-raft microdomains was modified by VEGF, we performed a proteomic analysis coupled with mass spectrophotometry of caveolar-rafts, before and after VEGF stimulation. We identified 28 protein spots, including several proteins endowed with anti-apoptotic functions and involved in stress response. Our observations offer new insights into how changes in protein caveolar-raft microdomain organization may affect prosurvival pathways, giving further support to the concept of caveolar-rafts as "floating islands of death or survival" (12) .
EXPERIMENTAL PROCEDURES
Cell Isolation, Culture Conditions, and VEGF Treatment-EPCs were isolated from Ͼ 50 ml human umbilical cord blood (UCB) of healthy newborns, essentially as described (3, 5, 13) . The selected cord blood units had a total of Ͻ 1.3 ϫ 10 9 nucleated cells (threshold of suitability for the banking established by the Umbilical Cord Bank of Careggi, Firenze, Italy) Blood samples were taken after maternal informed consent and was in compliance with Italian legislation. UCB was diluted 1:1 with Hank's balanced salt solution (HBSS, EuroClone) and was overlaid on an appropriate volume of density gradient separation medium (Lympholyte®, CEDARLANE). Centrifugation, resuspension, and seeding of EPCs on gelatin-coated tissue culture plates, were performed according to a previously described protocol, until EPC colonies appeared in cell cultures after 2-3 weeks, as circumvented monolayers of cobblestone-like cells. These cells were referred to as ECFCs, as previously described (3, 5) . The colonies were mechanically picked from the original plate and seeded onto another gelatin coated well with EGM-2 10% fetal bovine sera (FBS) for expansion. ECFCs were analyzed for the expression of surface antigens (CD45, CD34, CD31, CD105, ULEX, vWF, KDR, and uPAR) by flow-cytometry procedures, as described (3). ECFCs were cultured in complete Endothelial cells Growth Medium (EGM-2, Lonza), supplemented with 10% FBS (Hyclone) and 5IU/ml heparin (3). Experiments involving VEGF stimulation (50 ng/ml) were performed with semiconfluent ECFC monolayers previously washed with Hank's balanced salt solution and supplemented with EGM-2 and 2%fetal calf serum (FCS). To prepare caveolar-raft microdomains, ECFCs were challenged with VEGF for 12 h. All the experiments were performed with ECFCs within the tenth passage in culture.
Isolation and Characterization of ECFC Membrane Caveolar-raftsIsolation of caveolar-raft fractions from ECFC lysates (control ECFCs and ECFCs stimulated for 12 h with 50 ng/ml VEGF) was performed using the Caveolae/Rafts isolation kit of Sigma, based on separation on an OptiPrep density gradient, according to the manufacturer's instruction (3). As previously described (3), caveolar-raft and nonraft fractions were determined by Western blotting with anti-Caveolin-1 antibodies and anti-Flotillin-1 antibodies (both from Sigma) for caveolar fractions (fractions 2-6). Anti-integrin␤1 antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) were used to identify detergentsoluble (DS) nonraft fractions (fractions [7] [8] [9] . In the present work we used ECFC preparations obtained from 3 different newborns. Each population was expanded until an average amount of 200 g of caveolar-raft-associated proteins were obtained after five different density gradient separations for each UCB sample.
Solubilization of Caveolar-raft Microdomain Proteins-Lyophilized caveolar-raft proteins were solubilized as previously described (14) . Briefly, caveolar rafts were lysed in modified lysis buffer formed by 9 M urea, 2 M thiourea, 100 mM dithiotreitol, 2% CHAPS, 60 mM n-octyl-␤-D-glucopyranoside, protease inhibitor mixture (Sigma), and 2% IPG buffer, pH4 -7 (GE Healthcare). Samples were vortexed for 20 min and bath-sonicated for 30 min. After centrifugation at 14,000 rpm the supernatant was recovered. Proteins quantification was performed using the Bradford method.
Two-dimensional Electrophoresis-Isoelectric focusing (first dimension) was carried out on nonlinear wide-range immobilized pH gradients (pH 4.0 -7; 18 cm long IPG strips (GE Healthcare) and achieved using the Ettan™ IPGphor™ system (GE Healthcare). Analytical-run IPG strips were rehydrated with 40 g of total protein in 350 l of lysis buffer for 1 h at 0 V and for 8 h at 30 V, at 20°C. The strips were focused at 20°C according to the following conditions: 200 V for 1 h, from 300 V to 3500 V for 30 min, 3500 V for 3 h, from 3500 V to 8000 V in 30 min, and 8000 V until a total of 80,000 V/h was reached. After focusing, analytical IPG strips were equilibrated for 12 min in 6 M urea, 30% glycerol, 2% SDS, 2% DTT in 0.05 M Tris-HCl buffer, pH 6.8, and subsequently for 5 min in the same urea/SDS/Tris buffer solution, where DTT was substituted with 2.5% iodoacetamide. The second dimension was carried out on 9 -16% polyacrylamide linear gradient gels (18 cm ϫ 20 cm ϫ 1.5 mm) at 10°C and 40 mA/gel constant current until the dye front reached the bottom of the gel. Analytical gels were stained with ammoniacal silver nitrate (15) as previously described. Six hundred micrograms of sample were used for preparative purposes and gels were stained with colloidal Coomassie (16) .
Images Analysis-The silver stained gels were acquired with an Epson expression 1680 PRO scanner. For each condition, three biological replicates and two analytical replicates were performed and only the spots present in all the replicates were taken into consideration for subsequent analysis. Computer-aided 2D image analysis was carried out using Image-Master 2-DE Platinum software version 6.0 (GE Healthcare). The relative spot volume calculated as %V (V single spot/V total spots, where V ϭ integration of OD over the spot area) was used for quantitative analysis to decrease experimental error. The normalized %V of the spots on replicate 2D gels was averaged and standard deviation was calculated for each condition. A two-tiled nonpaired Student's t test was performed to select significant differences. A fold change of 1.7 was then chosen as threshold of expression variation.
Mass Spectrometry Analysis-Protein identification was carried out by peptide mass fingerprinting on an Ultraflex III MALDI-TOF/TOF mass spectrometer (BrukerDaltonics) equipped with a 200 Hz smartbeam™ I laser. After visualization by colloidal Comassie staining protocol, spots were mechanically excised, destained in 2.5 mM ammonium bicarbonate and 50% (v/v) acetonitrile and finally dehydrated in acetonitrile. They were then rehydrated in trypsin solution and in-gel protein digestion was performed by overnight incubation at 37°C. From each protein digest 0.75 l were spotted onto the MALDI target and allowed to air dry at room temperature. Then, 0.75 l of matrix solution (saturated solution of ␣-cyano-4-hydroxycinnamic acid in 50% (v/v) acetonitrile and 0.5% (v/v) trifluoroacetic acid) was applied to the sample and crystallized by air drying at room temper-ature for 5 min. MS analysis was performed in the positive reflector mode according to defined parameters, as follows: 80 ns of delay; ion source 1: 25 kV; ion source 2: 21.75 kV; lens voltage: 9.50 kV; reflector voltage: 26.30 kV; and reflector 2 voltage: 14.00 kV. The applied laser wavelength and frequency were 353 nm and 100 Hz, respectively, and the percentage was set to 46%. Final mass spectra were produced by averaging 1500 laser shots targeting five different positions within the spot. Spectra were acquired automatically and the Flex Analysis software version 3.0 (Bruker) was used for their analysis and for the assignment of the peaks. The applied software generated a list of peaks up to 200, using a signal-to-noise ratio of 3 as threshold for peak acceptance. Recorded spectra were calibrated using, as internal standard, peptides arising from trypsin autoproteolysis. The mass lists were filtered for contaminant removal: mass matrix-related ions, trypsin autolysis and keratin peaks. Protein identification by Peptide Mass Fingerprint search was performed using the on-line-available search engine MASCOT (Matrix Science, London, UK, http://www.matrixscience.com) through the UniProtKB database. Taxonomy was limited to Homo sapiens, a mass tolerance of 100 ppm was allowed, and the number of accepted missed cleavage sites was set to one. Alkylation of cysteine by carbamidomethylation was considered a fixed modification, whereas oxidation of methionine was considered as a possible modification. The criteria used to accept identifications included the extent of sequence coverage, the number of matched peptides, and a probabilistic score at p Ͻ 0.05.
Protein spot digests were also subjected to tandem MS analysis on the Ultraflex III MALDI-TOF/TOF instrument and several protein identifications were confirmed by MS/MS sequencing of selected peptides. Two to three peptide mass fingerprinting peaks showing a high intensity were CID fragmented using Argon as collision gas. Accelerating voltages for ion sources 1 and 2 were 8.00 kV and 7.15 kV, respectively, whereas reflector 1 and reflector 2 voltages were respectively set to 29.50 kV and 14 kV with Lift 1 and Lift 2 set to 19 kV and 2.80 kV, respectively. Lens voltage was 3.60 kV. Fragmented ions were analyzed using the Flex Analysis software v.3.0 and the MS/MS database searching was carried out in the UniProtKB database using the on-line-available MASCOT MS/MS ion search software. Taxonomy was limited to Homo sapiens, peptide precursor charge was set to ϩ1, mass tolerance of Ϯ1.2 Da for precursor peptide and Ϯ0.6 Da for fragment peptides were allowed, and the number of accepted missed cleavage sites was set to one. Alkylation of cysteine by carbamidomethylation was assumed as fixed modification, whereas oxidation of methionine was considered as a possible modification. We judged significant peptides with individual ion scores p Ͻ 0.05.
Protein Molecular Functional Clustering and GO Enrichment-Proteins were grouped according to their function using GO classification. Database for Annotation, Visualization and Integrated Discovery (DAVID bioinformatics, david.abcc.ncifcrf.go) (17) resources was used to find significantly enriched biological processes. Fisher's exact test was used to check for significant over-representation (p Ͻ 0.05) of GO terms in the differentially expressed protein list against the Homo sapiens genome. Biological processes were considered significant if the p value was Յ 0.05. Furthermore Benjamini multiple testing was performed to globally correct the p value controlling family-wide false discovery rate (p value Յ 0.1).
RT-PCR Analysis-Selected genes were evaluated before and after 4 h of VEGF challenge (50 ng/ml) of semiconfluent ECFCs. Total RNA was prepared using Nucleospin RNA II (Macherey-Nagel, Germany), agarose gel checked for integrity, and reverse transcribed with iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA) using random primers according to manufacturer's instructions. Quantitative Real-Time (RT)-PCR was performed with an Applied Biosystem 7500 Fast Real Time PCR System (Applied Biosystems, Milano, Italy) using a SYBR Green based detection (SYBR Green Master mix; Applied Biosystems) with the default PCR setting: 40 cycles of 95°C for 15 s and of 60°C for 60 s . Primers (IDT, TemaRicerca, Italy) used for RT-PCR were as follows:
18S-rRNA: sense, 5Ј-CCAGTAAGTGCGGGTCATAAG-3Ј, and antisense, 5Ј-GCCTCACATAACCATCCAATC-3Ј; PRDX2: sense, 5Ј-GTCCCTCGCCAGATCACTGTT-3Ј, and antisense, 5Ј-CATGCTCGTCTGTGTACTGGA-3Ј; PRDX6: sense, 5Ј-TCA TGG GGC ATT CTC TTC TC-3Ј, and antisense, 5Ј-TCTTCTTCACGGATGGTTGG-3Ј; ANXA3: sense, 5Ј-TCAAGGCAAAGGTGGGATATC-3Ј, and antisense 5Ј-CCTCTCAGTCAGAATGCTGAT-3Ј; GRP78: sense, 5Ј-GACATCAAGTTCTTGCCGTT-3Ј, and antisense, 5Ј-CTCATAACATTTAGGCCAGC-3Ј; CAPNS1: sense 5Ј-ACCCACTCCGTAACCTC-3Ј, and antisense, 5Ј-GGGTAGCAACCGTGAA-3Ј
The "Delta-delta method" was used for comparing relative gene expression results. Expression of target genes was normalized to 18S rRNA used as the calibrator and "fold-change" is relative to control RNA.
Western Blot Analysis-Aliquots of caveolar-raft preparations (prepared from control ECFCs and from ECFCs stimulated 12 h with 50 ng/ml VEGF) were subjected to Western blot analysis, as described (3, 18) . The primary antibody was: anti-caveolin-1 (1:1000) (C3237, rabbit polyclonal antibody, Sigma) and anti-Flotillin-1 (1:1000) (F1180, rabbit polyclonal antibody, Sigma) for raft fractions and antiintegrin␤1 antibodies (1:1000) (Santa Cruz Biotechnology) for nonraft fractions. After incubation with horseradish peroxidase (HRP)-conjugated anti-rabbit IgG (1:5,000) for 1 h (Amersham Biosciences), immune complexes were detected with the enhanced chemiluminescence detection system (Amersham Biosciences). The membranes were exposed to autoradiographic films (Hyperfilm MP; Amersham Biosciences) for 1-30 min. For uPAR detection, two dimensional electrophoresis was performed as previously described (3). After running, gels were blotted overnight on polyvinylidene fluoride (PVDF) membrane. The PVDF membranes were incubated over night at 4°C with the primary antibody solution consisting of a 1:1,000 dilution of the anti-uPAR antibody (Santacruz) in phosphate-buffered saline (PBS) containing 3.0% nonfat dry milk. After washing with PBS, 0.1% (v/v) Tween, the blots were incubated with the goat anti-rabbit IgG/ HRP conjugate (1:5,000 dilution in PBS/Milk) for 1 h at room temperature. Protein extracts from whole ECFC lysates and from caveolarraft microdomain fraction (ranging from 20 to 70 g) were separated by 12% SDSPAGE and transferred onto a PVDF membrane (Millipore). The relative amount of calpain small subunit-1, peroxiredoxin-2, peroxiredoxin-6, annexin-A3, 78 kDa glucose-regulated protein (GRP78) protein was assessed by Western-blot with appropriate antibodies (1:1000) (GeneTex). The intensity of the immunostained bands were normalized for the total protein intensities measured by Coomassie brilliant blue R-250 from the same blot or for the intensity of ␤-tubulin band. The images were subjected to densitometric analysis performed using Quantity One Software (Bio-Rad). Statistical analysis of the data was performed by Student's t test; p values Ͻ 0.05 were considered statistically significant.
siRNA Treatment-Specific silencing of selected genes was performed by transfection of ECFCs with small-interfering-RNA (siRNA) obtained from Riboxx Life Sciences/Euroclone (IBONI siRNA-pool, each pool targeting a single protein: human PRDX2, PRDX6, ANXA3, GRP78, and CAPNS1, respectively), according to the manufactures' s instruction, as previously described (3). Not-targeting RNA constructs were used as negative control. To validate gene silencing, the relevant mRNA levels were determined by a quantitative Real-Time (RT)-PCR, as described previously.
Capillary Morphogenesis Assay-In vitro capillary morphogenesis was performed as described (3), in tissue culture wells coated with Matrigel. ECFCs were plated (60 ϫ 10 3 /well) in complete EBM-2 medium, supplemented with 2% FCS and incubated at 37°C, 5% CO 2 . Some experiments were performed under VEGF stimulation (50 ng/ml). Plates were photographed at 6 h and at 24 h. Results were quantified by measuring the percentage of the photographic field occupied by endothelial cell capillary projections by image analysis. Six to nine photographic fields from three plates were scanned for each point. Results were expressed as percent field occupancy with respect to control taken as 100% Ϯ S.D.
Immunoflurescence-Immunofluorescence was performed as previously described (1) . ECFCs were grown on coverslips in EGM-2 10% fetal bovine serum. Once at confluence, TRITC-labeled phalloidin (P1951, Sigma) was applied to the cells to visualize the arrangement of actin cytoskeleton. Nuclei were stained with the fluorescent Hoechst 33342 dye (10 g/ml) (Invitrogen) for 15 min at RT. The coverslips containing the labeled cells were mounted with an antifade mounting medium (Biomeda, Foster City, CA) and observed under a Bio-Rad MRC 1024 ES Confocal Laser Scanning Microscope (Bio-Rad, Hercules, CA) equipped with a 15 mW Krypton/Argon laser source for fluorescence measurements. The cells were examined with a Nikon Plan Apo X60-oil immersion objective using an excitation wavelength appropriate for Alexa 488 (495 nm). Series of optical sections (XY: 512 ϫ 512 pixels) were then taken through the depth of the cells with a thickness of 1 m at intervals of 0.8 m (Z step). A single composite image was obtained by superimposition of twenty optical sections for each sample observed. The collected images were analyzed by ImageJ software.
Statistical Analysis-Results are expressed as means ϮS.D. Multiple comparisons were performed by the Student test. Statistical significances were accepted at p Ͻ 0.05.
RESULTS

Comparative Proteomic Analysis of Membrane Caveolarraft Microdomains Fraction from Control and VEGF Treated
Cells-To evaluate whether the VEGF treatment of ECFCs can induce a rearrangement of membrane caveolar-raft microdomains, proteins were separated by 2-DE as described in Materials and Methods. The proteins were separated and resolved in all areas of the gels. An average of 1120 Ϯ 130 spots (control) and 1464 Ϯ 160 spots (VEGF stimulation) were detected on silver-stained gels using ImageMaster 2D Platinum software, version 6.0. Three biological replicas were performed. Each protein sample was run in duplicate to obtain statistically significant results. Fig. 1 reports representative gel images of caveolar-raft microdomains from control (A) and VEGF-treated ECFCs (B). The variation among protein levels was considered significant if the t test resulted less than 0.05 (p Ͻ 0.05).
We selected spots whose fold change was Ն1.7. Sixtyeight spots satisfied these criteria (circled in the panels of Fig.  1 ). Only 10 spots presented an increased level in caveolar-raft microdomains of control cells. Of the remaining 58 spots, 29 resulted increased upon VEGF stimulation. Twenty nine spots were exclusively detectable following VEGF stimulation.
Mass Spectrometry Identification-To identify spots of interest, a preparative gel was performed and stained with Coomassie. The protein load increment caused a decrease of protein resolution. Thereby, several spots detected in silver stained gels were not clearly resolved in preparative gels.
Furthermore several spots, present in very low amounts in analytical gels, were not visible after colloidal Coomassie staining of preparative gels.
We identified 28 protein spots corresponding to 25 gene products that are listed in Table I . Detailed mass data are reported in Online Resource 1. Several of identified proteins have been previously reported to be associated with membrane caveolar-raft microdomains. In particular Heat-shock proteins (Hsps) (19, 20) , Stomatin-like protein-2, and Prohibitin, which belong to prohibitin homology (PHB) domain proteins (21) . Other proteins are known to participate to VEGF signaling. Among these, peroxiredoxin-2 colocalizes with VEGFR2 in the caveolae and prevents VEGFR2 oxidation and inactivation (22) .
To globally analyze proteomic results and to determine whether the identified proteins showed an enrichment for a particular group of biological process, the proteins whose expression in rafts was modified by VEGF challenge were submitted to GO analysis using DAVID. The results are reported in Table II . These data clearly indicate that VEGF stimulation induces a reorganization of caveolar-raft microdomain protein composition characterized by the occurrence of several proteins involved in pathways that can be connected to each others. In particular, the categories correlated with an inhibition of cellular death (anti-apoptosis, negative regulation of cell death, negative regulation of programmed cell death, negative regulation of apoptosis) are enriched. Is noteworthy that also the category "hydrogen peroxide metabolic processes" is strongly over-represented. This last observation is in agreement with the redox regulation of VEGF signaling in angiogenesis (23) .
uPAR Detection by Western Blot-We previously demonstrated that VEGF stimulates a caveolar-raft redistribution of uPAR (3) . The proteomic analysis performed in the present work does not allow the identification of uPAR. This could be caused both by a protein level under detection limit or by a differential expression level lower than the threshold selected for the identification by mass spectrometry. To confirm uPAR redistribution after VEGF stimulation we performed a 2-DE followed by Western blot with anti-uPAR antibodies. Fig. 2 shows several spots detected by specific uPAR antibody without background. VEGF stimulation induces both an increase of protein level (three spots show an increased intensity) and the appearance of two new spots. This probably indicates the occurrence of post-translational modifications.
Functional Characterization of Selected Proteins in VEGFdependent Angiogenesis-To verify the involvement of the identified proteins in VEGF dependent angiogenesis, some specific proteins were selected. In particular we selected Peroxiredoxin-2, because of its presence in all the resulting GO terms, and its cognate molecule Peroxiredoxin-6. The heat shock protein 78 kDa glucose-regulated protein was chosen in virtue of its reported membrane localization and its role in angiogenesis (24) . Moreover, this protein is present in almost Fig. 1 . b Accession number in Swiss-Prot/UniprotKB. c Fold change (VEGF stimulated vs. control) was calculated as follow: %V VEGF /%V control . (V ϭ integration of OD over the spot area; %V ϭ V single spot/V total spots).
d Student's t-test was performed to determine if the relative change was statistically significant (p Ͻ 0.05). e MASCOT search results: number of matched peptides correspond to peptide masses matching the top hit from Ms-Fit PMF, searched peptide are also reported; sequence coverage indicates ͓number of identified residues/total number of amino acid residues in the protein sequence͔ ϫ 100%; score corresponds to MASCOT score (MatrixScience, London, UK; http.//www.matrixscience.com).
all the GO terms. Although not present in the top enriched GO biological processes, Annexin-3 and Calpain small subunit-1 were selected on the basis of their documented role in VEGFdependent angiogenesis (25, 26) .
Initially we determined by quantitative RT-PCR the mRNA expression level of each selected protein under control conditions and upon 4 h of 50 ng/ml VEGF stimulation. The corresponding protein amount was verified in total cell extract after 12 h of VEGF stimulation. Fig. 3A shows that VEGF stimulation did not significantly modify mRNA expression of Calpain small subunit-1, Annexin-3 and Peroxiredoxin-2, thus suggesting that VEGF produces a selective caveolar-raft enrichment of these proteins. On the contrary, both 78 kDa glucose-regulated protein and Peroxiredoxin-6 mRNAs resulted strongly up-regulated by VEGF, thus suggesting a possible nonselective caveolar-raft enrichment of the relevant protein. These results were confirmed by Western blotting on whole cell lysates (Figs. 3B) . Furthermore Western blotting on both in caveolar-raft and non-caveolar raft-fractions under control and after 12 h of VEGF stimulation, was performed.
The relative results confirmed proteomic findings showing an increase of the selected proteins in caveolar-raft fractions upon VEGF treatment (Fig. 3C) .
To validate the functional involvement of the selected proteins in ECFC angiogenesis, their mRNAs were silenced by specific siRNA and ECFC angiogenesis properties in vitro were evaluated by the capillary morphogenesis assay. Fig. 4 reports quantitative RT-PCR and Western blotting experiments showing that specific siRNA treatments were very efficient in inhibiting mRNA and protein expression with respect to both transfection reagents alone (RiboFECT) and not-targeting RNA (siControl) .   FIG. 2 . uPAR detection by Western blotting. Caveolar-raft proteins (150 g) were separated by their pI on 4 -7 linear IPG strips and by their molecular weight on 9 -16% polyacrylamide linear gradient gels. After 2-DE, gels were blotted on PVDF membrane and uPAR was detected with specific antibody. Arrows represent corresponding spots between the two blots. A, control cells; B, VEGF stimulated cells. The same blots were stained with Coomassie brilliant blue (a representative part of PVDF membrane is reported) to confirm that protein load was the same.
FIG. 3. Quantitative RT-PCR and Western blotting analisys of selected caveolar raft-enriched proteins before and after VEGF stimulation.
A, Real time PCR showing gene expression levels of calpain small subunit-1 (CAPNS1), peroxiredoxin-2 (PRDX2), peroxiredoxin-6 (PRDX6), annexin-A3 (ANXA3), and 78 kDa glucose-regulated protein (GRP78). Transcripts were quantified by real-time PCR in ECFCs before and after 4 h of VEGF challenge (50 ng/ml). Data shown are the mean of three different experiments performed in triplicate. The two-tailed, nonpaired Student's t test was performed.
* indicates a p value Ͻ 0.05. B; Western blotting analisys of selected proteins in whole lysates before and after 12 h VEGF treatment (50 ng/ml). Intensity of immunostained bands was normalized against tubulin. Histograms, reporting the normalization in arbitrary units, are the mean of three different experiments performed in triplicate. The two-tailed, nonpaired Student's t test was performed. * indicates a p value Ͻ 0.05. C, Western blotting analysis of selected proteins in caveolar-raft and nonraft fractions before and after 12 h of VEGF treatment. The protein load was checked by staining the PVDF membrane with Coomassie. RC: raft fraction, control; RV: raft fraction, VEGF stimulation; NRC: non-raft fraction, control; NRV: non-raft fraction, VEGF stimulation. Each blotting shows the result of a typical experiment of three that gave similar results. Data clearly show that the promorphogenetic activity of VEGF on ECFCs is almost completely inhibited upon silencing of each selected protein. A similar activity of siRNA treatments, although weaker, was revealed also in control, not stimulated ECFCs, indicating a role of each protein in spontaneous capillary-morphogenesis which has been previously shown to depend on VEGF autocriny by EPCs (27) . We have also evaluated whether apoptosis was involved in the effects elicited by each specific siRNA treatment on capillary morphogenesis, obtaining negative results in each condition (not shown).
Because previous studies have shown that calpain mediates VEGF-induced angiogenic effects by modulating actin cytoskeleton organization (26) , the ECFCs actin structure was evaluated, before and after calpain siRNA silencing, in the same conditions used in the experiments shown in Figs. 4 and 5. The results shown in Fig. 6 indicate that VEGF treatment (50 ng/ml for 6 h) strengthened stress fiber formation in ECFCs. Calpain-siRNA treatment limited actin organization in stress fibers under control conditions. Instead, actin organization under VEGF stimulation was completely impaired, accounting for ECFCs capillary morphogenesis inhibition and showing, at the same time, the additional value of caveolar-rafts-localized calpain in the stress-fibers-promoting activity in ECFCs. DISCUSSION VEGF is best known for its angiogenic activity on mature endothelial cells as well as on EPCs, but increasing evidence indicates that VEGF can also act in an autocrine manner, inducing a stress response that has a protective/survival effect on a number of cell types, including endothelial cells, embryonic stem cells, and hematopoietic stem cells (27) (28) (29) (30) . Here, we performed proteomic analysis of EPC caveolar-rafts before and after VEGF stimulation, coupled with mass spectrophotometry to identify candidate proteins whose occurrence in caveolar-rafts was modified by VEGF. We observed a VEGF-dependent caveolar-raft enrichment of proteins correlated with an inhibition of cellular death (anti-apoptosis, negative regulation of cell death, negative regulation of programmed cell death, negative regulation of apoptosis), in agreement with the reported prosurvival activity of VEGF. Also the category "hydrogen peroxide metabolic processes" was strongly over-represented, according to the known redox regulation of VEGF signaling in angiogenesis (23) . In particular, we would like to discuss the function of the differentially caveolar-raft-associated proteins that we have validated in this study, showing that siRNA inhibition of each relevant molecule abolished the VEGF-dependent capillary morphogenesis of EPCs.
Chronic exposure to reactive oxygen species (ROS) and the resulting oxidative stress, viewed as the overproduction of ROS, the failure of the anti-oxidant defense of the organism, or both, play a critical role in human pathology (31) . Nevertheless, it is now recognized that endothelial cells need physiological amounts of ROS to function properly. More specifi- cally, because Sundaresan and coworkers (32) showed that platelet-derived growth factor (PDGF)-induced H 2 O 2 generation is required for the tyrosine phosphorylation in vascular smooth muscle cells, several studies have reported that H 2 O 2 plays a signaling role in receptor tyrosine kinase (RTK)-mediated signal transduction (33) . Specifically, H 2 O 2 is known to trigger the reversible oxidation of protein tyrosine phosphatases, which results in the transient blunting of the phosphatase activity and in the sustained signaling activity of the relevant receptor (34) . Also the endothelial cell VEGF receptor-2 (VEGFR2)-dependent pro-angiogenic activity has recently been shown to depend on such a regulation (35) . Additionally, in parallel with the classical phosphorylation signaling, VEGFR2 seems to usee ROS as a downstream signal mediator. In fact several studies demonstrated the involvement of superoxide-producing enzyme NADPH oxidase (NOX) in VEGF signaling and endothelial functions such as adhesion (36) and actin filament assembly (37) . Nevertheless, ROS still have potential damaging activity on VEGFR2 pathways that need to be controlled to maintain a finely tuned pro-angiogenic ROS concentration. In particular, the endothelial caveolar-raft localized VEGFR2 has an oxidation-sensitive cysteine residue whose functionally active reduced state is preserved specifically by peroxiredoxin-2 (22) .
Peroxiredoxins (Prxs) are a family of proteins showing peroxidase activities that degrade H 2 O 2 to H 2 O, thereby abolishing H 2 O 2 toxicity. The peroxiredoxin-2-mediated VEGF2R protection is achieved by association of the two proteins in the caveolae (22) . Our observation that not only peroxiredoxin-2, but also peroxiredoxin-6 is located in the caveolarrafts, point to a possibly convergent role of the two enzymes as safeguards of the redox-sensitive VEGFR2 (38) . As shown in Table II , the GO term referred to as "hydrogen peroxide metabolic process" (represented by peroxiredoxin-2, peroxiredoxin-6 and protein DJ-1) undergoes the highest fold enrichment at the EPC caveolar-raft level upon VEGF stimulation (more than 70-fold).
Alongside, all the GO terms related to the control of apoptosis/programmed cell death (including also some heat shock proteins) (Table II) are significantly overexpressed in VEGF-challenged EPCs. The caveolar-raft localization of such molecules further reinforces the need of EPCs to strictly control ROS production/activity, as well as elimination and/or inactivation of damaged molecules. Such molecules may result upon the NADPH oxidase generation of spatially and temporally VEGF signaling-dependent ROS production at leading edge, focal adhesions/complexes, caveolae/lipid rafts, and cell-cell junctions in EC (39) . Among these molecules, we have validated the angiogenesis-related activity of the cell's membrane 78 kDa glucose-regulated protein, which results present at the caveolar-raft level only after VEGF stimulation (Table I ) and whose silencing results in capillary morphogenesis impairment in EPCs. Although not present in the enriched GO terms, we also silenced annexin A3 (ANXA3), and calpain small subunit 1, in view of their established functions in angiogenesis. ANXA3 induces migration and tube formation of human umbilical vein EC. High levels of vascular endothelial growth factor (VEGF) are also detected in conditioned medium obtained from cells transfected with ANXA3 expression plasmid. Reporter assays show that ANXA3 enhances hypoxia-inducible factor-1 (HIF-1) transactivation activity. All these data suggest that ANXA3 is a novel angiogenic factor that induces VEGF production through the HIF-1 pathway (25) .
Calpains are a family of calcium-activated nonlysosomal neutral cysteine endopeptidases, which act via limited proteolysis of substrate proteins. Caveolar-raft localization of calpains has been described in myotubes (40) , Jurkat T-cells (41) , neutrophils subjected to chemotactic stimulation (42) . The silencing of calpain small subunit-1 by siRNA resulted into capillary morphogenesis impairment, in agreement with the indication that calpain mediates VEGF-induced angiogenic effects by a PKC and Rho GTPase. These two molecules, in turn, mediate an intracellular signaling that promotes the actin cytoskeletal organization required for the lamellipodia formation (26, 43) . Another interesting molecule found expressed only in VEGF-stimulated ECFCs is gelsolin, which is the best-characterized member of a superfamily of actin binding proteins that sever, cap, and in some cases nucleate and bundle actin filaments (44) . Gelsolin has a well established activity on actin organization, but it has never been described before as a lipid-raft-associated molecule. However, the identification of gelsolin in such specialized signaling platforms in ECFCs could account for its reported activity in modulating the tyrosine phosphorylation of raft-associated proteins and subsequent downstream signal transduction (45) .
In conclusion, our data on the differential caveolar-raft proteomic profiling of VEGF-stimulated ECFCs permit identification of two main categories of molecules involved in the process of angiogenesis and associated to specialized membrane caveolar-raft microdomains: the first one, in terms of enrichment and function, respond to the need of ECFCs to control physiological amounts of ROS and to remove ROSdamaged molecules to function properly; the second one entails a proper functioning of the ECFCs actin cytoskeleton whose activity is indispensable to an adequate angiogenic program. These data open new perspectives for an in-depth investigation of VEGF angiogenesis through a holistic approach. 
